Endotoxin exposure occurs in homes and occupational environments and is known to cause adverse health effects. In order to compare results from different studies and establish standards, airborne endotoxin exposures should be assessed using standardized methods. Although the European Committee for Standardization (CEN) developed guidelines for endotoxin exposure assessment, these leave room for individual interpretation. The influence of methods of sampling, extraction, and analysis has never been investigated in a full experimental design. Thus, we sought to fully elucidate the importance of all facets of endotoxin assessment. Inhalable dust samples collected simultaneously were used to investigate the effects on and interactions with airborne endotoxin concentration in two working environments of filter type (glass fiber or Endotoxins are constituents of the outer membrane of gramnegative bacteria and occur as contaminants in organic dusts or aerosols. Endotoxin is a well-known toxin with a high proinflammatory potency. Airborne exposure has been associated with several symptoms in the respiratory tract and reductions in pulmonary function in various agricultural and industrial environments (7, 16, 30) . On the other hand, it is also suggested that environmental and occupational endotoxin exposure has a possible protective effect on the risk of atopic sensitization in childhood and possibly also in an adult working population with high endotoxin exposures (18, 26, 37) .
Endotoxins are constituents of the outer membrane of gramnegative bacteria and occur as contaminants in organic dusts or aerosols. Endotoxin is a well-known toxin with a high proinflammatory potency. Airborne exposure has been associated with several symptoms in the respiratory tract and reductions in pulmonary function in various agricultural and industrial environments (7, 16, 30) . On the other hand, it is also suggested that environmental and occupational endotoxin exposure has a possible protective effect on the risk of atopic sensitization in childhood and possibly also in an adult working population with high endotoxin exposures (18, 26, 37) .
The European Committee for Standardization (CEN) developed guidelines for the assessment of workplace exposure to airborne bacterial endotoxins, using the knowledge available at that time (9, 10) . These guidelines provide methods for sampling, transportation and storage of samples, and determination of endotoxins. However, the NEN-EN 14031 protocol "Workplace atmosphere-determination of airborne endotoxin" fails to clearly delineate aspects that might affect the outcome, for example, what extraction solution or storage conditions to use. There are few empirical data to support some of the assumptions in the protocol. This leaves room for individual interpretation and nonuniform methodology.
Differences exist in laboratory methods for collection of samples (filter type), transport conditions and storage of samples, processing and analysis of samples (extraction medium, rocking, sonication, temperature, type of assay, and control standards), and reporting of results (units) (29) . Previous investigations of interlaboratory differences in endotoxin analyses showed that results could differ by a factor of 10 to 1,000 between the minimum and maximum concentrations of cotton dust samples, a factor which was reduced to a 5-to 12-fold difference when the extraction protocol and assay were standardized (3) . Another study showed that when further restrictions were applied (e.g., same assay supplier, same dilutions, and inclusion of results with valid spike results only), interlaboratory differences could become even smaller (two-to threefold), suggesting that interlaboratory differences might be explained to a large extent by the effects of varying procedures (17) .
Several studies investigated how changes in procedures affect the endotoxin concentration in occupational settings (5, 6, 12, 15, 19-21, 23, 31, 33, 35, 38) and in house dust (11, 13, 14, 22, 24) . Most of these studies investigated only one or two of the factors possibly influencing the measured endotoxin concentration and in a limited number of samples, although the high variability in the endotoxin content of dust calls for experiments with a large number of samples. Therefore, the combined influence of different factors and their interaction is still unknown. In most of the studies only one type of dust was investigated. Recent studies showed that variability between labs also depended on the source of dust that was analyzed (28, 29) , Thus, the environment sampled needs to be taken into account when effects of different procedures are investigated.
Therefore, in this study a full experimental design was implemented to investigate the combined influence of all gaps in the CEN protocol, namely, transport conditions, storage of samples, extraction solution, storage of extracts, filter type, and assay solution, as well as their individual and interactive influence. The effect of changes in sampling, extraction, and analysis procedures on the endotoxin concentration was investigated in two representative work environments to give input for the further development of a standardized method for the measurement and analysis of endotoxin so that exposure levels can be compared between studies and with established exposure limits.
FIG. 1. Schematic overview of the design of the experiment. Asterisks mark places from which the scheme follows the same route as is written out from the stage with the corresponding letter besides the design step. The number sign indicates that the influence of assay solution was investigated in part of the data (136 out of 386 samples). Numbers in parentheses indicate the number of samples that undergo that particular step of the scheme. Tw, Tween 20. 
MATERIALS AND METHODS
Design of the study. This study focused on determining the influence of and the interaction between four primary parameters on the measured endotoxin concentration: transport conditions of filters (with or without a silica dehumidifier), storage conditions of samples before extraction (at 4°C or Ϫ20°C), extraction solution (pyrogen-free water [PFW] with or without 0.05% Tween 20) , and storage conditions of extracts before analysis (at 4°C or Ϫ20°C).
These four primary factors of interest and their interactions resulted in 16 combinations that were studied using glass-fiber filters, the preferred filter type in the CEN protocol. Since samples were collected with parallel samplers that had the capacity for 20 parallel samples to be collected simultaneously, an additional four combinations of factors could be investigated. We choose to study selected factors (storage of samples and extraction solution) with another filter type (Teflon), since Teflon filters are used regularly when allergens and endotoxins are measured simultaneously. Teflon filters were transported without desiccant, and extracts were stored at Ϫ20°C. Furthermore, since there has been debate on the use of Tween 20 in measuring endotoxin, we decided to analyze part of the samples both with and without use of Tween 20 in the assay solution to investigate its influence on the outcome in combination with the other parameters. Thus, two secondary parameters were also included in the experiment: filter type (glass-fiber or Teflon filters) and assay solution (PFW with or without 0.05% Tween 20) . An overview of the distribution of samples over the combinations is given in Table 1 and Fig. 1 . The 20 combinations of the above factors were assigned randomly to the 20 parallel sampling positions available per run.
Two representative work environments were chosen for this study, namely, pig farming and grass seed processing, representing different sources of endotoxin exposure (animal excretions and growth of bacteria on plant material). Due to the large amount of samples needed for this full experimental design, this study was restricted to these work environments. All combinations of factors were measured 10 times per worksite. Sampling time varied (measurement durations of 1, 2, 3, 5, or 6 h) to ensure that a sufficient range of concentrations was obtained. Each time interval was represented twice per worksite. Air samples were collected during 10 days, 5 days on each location, with two sampling events on each day, in two consecutive weeks in November 2005. In total, 400 samples were collected, of which 320 were on glass-fiber filters and 80 were on Teflon filters. In addition, on every sampling day a field filter blank was collected, which underwent the same steps as the other samples did except for the actual sampling. A priori conditions were that samples must be extracted within 2 weeks after sampling and endotoxin analysis must be performed within 24 h after extraction.
Collection of inhalable dust samples. Two parallel samplers, which each enabled the simultaneous collection of 10 close-to identical samples of inhalable dust, were used to collect air samples. The samplers were developed within the European MOCALEX project according to a design published by Eduard et al., modified for the simultaneous collection of 10 airborne samples using PAS-6 sampling heads (1, 8) . Ten conical PAS-6 sampling heads for inhalable dust (32) were positioned in an annular chamber (outer cone diameter, 20 cm; inner cone diameter, 12 cm), which provided nearly symmetrical flow at the PAS-6 sampling head inlets. The overall flow rate was 40 liters/min. Critical orifices provided a flow of 2 liters/min at the inlet of the sampling heads (Fig. 2) . The flow was checked at the PAS-6 sampling heads before and after sampling with a rotameter and showed virtually no decline over time. The filters were put in individual petri dishes after sampling, sealed with tape, and placed in a Ziploc bag. In case of desiccant use, a small bag with 15 mg silica gel drying pearls (Fluka, Germany) was added.
During a run, the two parallel samplers were positioned next to each other to collect 20 uniform air samples per run. The sampling heads were equipped with 25-mm glass-fiber filters (Whatman GF/A; United Kingdom) or 25-mm Teflon (polytetrafluoroethylene) filters (Millipore FALP2500; United Kingdom). The filters were pre-and postweighed on an analytical balance in a conditioned room meeting U.S. Environmental Protection Agency criteria, to determine the amount of dust on the filters gravimetrically. Inhalable dust concentrations below the limit of detection (LOD) were assigned a value of two-thirds of the LOD of the balance.
Extraction and analysis. Samples were stored 12 to 14 days prior to extraction. Extraction of endotoxin was done as described previously, under pyrogen-free conditions (5) . Briefly, filters were immersed in 5 ml extraction solution (being either PFW or PFW plus 0.05% Tween 20) and rocked vigorously for 1 h at room temperature on a horizontal shaker (160 reciprocations/min; deflection, 15 cm). After 15 min of centrifugation at 1,000 ϫ g, 1 ml supernatant per sample was collected and vortexed, and four aliquots of 0.1 ml and the remaining 0.6 ml were stored until analysis. Storage temperature was either 4°C or Ϫ20°C, depending on the assigned treatment.
The endotoxin concentration in extracts was assayed using a kinetic chromogenic Limulus amoebocyte lysate method (Cambrex, Verviers, Belgium; lysate lot no. 3L433E, standard lot no. 3L2950 [reference standard endotoxin/control standard endotoxin ratio, 10 ng/0.90 ml ϭ 100 endotoxin units (EU)/ml]) (5). One of every eight samples was randomly selected for analysis in duplicate to assess the coefficient of variation (CV%). The lower LOD ranged from 0.043 to 0.064 EU/ml depending on the particular assay run. Duplicate analyses took place in the same week.
All sample extracts were analyzed with 0.05% Tween 20 in the assay solution (PFW). In addition, a randomly chosen subset of the samples was also analyzed in PFW without Tween 20 at the same dilutions.
Statistical analysis. The variation in dust levels within a sampling run and between sampling runs was investigated by means of descriptive statistics (SAS version 8e; SAS Institute, Cary, NC). Concentrations of endotoxin (EU/m 3 and EU/mg dust) fitted a log-normal distribution; therefore, data were log transformed prior to analyses. Descriptive statistics (geometric mean, geometric standard deviation, and range) of endotoxin concentrations were calculated for every combination of factors of interest. The influence of and interaction between the different variables were determined by applying mixed-effects models with run as a random factor in order to correct for possible correlation between measurements in the same run. Assuming that two repeated measurements of the same run have equal correlation (a compound symmetric covariance structure), between-and within-run components of variance were estimated by using a restricted maximum likelihood method. Determinants influencing endotoxin concentration were explored by introducing them as fixed effects (25, 27) . Separate models were constructed for endotoxin and endotoxin per mg dust exposure.
Finally, the influence of the measured dust concentration on the filters and thus on the homogeneity of the samples was evaluated by adding the lognormally transformed dust concentration to the various mixed-effects models as a fixed effect.
RESULTS

Overview of samples.
Of the 400 samples collected in this experiment, 18 dust and 14 endotoxin samples were compromised during weighing, extraction, or analysis, leaving 382 dust and 386 endotoxin samples for statistical analysis. Of these samples, 37 were below the LOD (0.05 mg) for dust weight. All samples were detectable for endotoxin. The lost samples originated from different runs and different combinations of variables ( Table 1) . The mean endotoxin level on the field filter blanks (n ϭ 24) was 0.78 EU/ml (range, 0.06 to 3.83). Since the minimum of the samples was 9 EU/ml, contamination during assembling of the sampling heads and parallel samplers was unlikely. A random subset of the endotoxin samples (n ϭ 56) was analyzed in duplicate, which resulted in an average CV% of 21.5 (range, 0.2 to 71.3). Endotoxin levels per combination of variables are summarized in Table 1 . The geometric mean concentration varied from 1,000 to 3,200 EU/m 3 and showed relatively little variation in endotoxin levels per combination (geometric standard deviation range, 1.6 to 2.0).
Uniformity of parallel samples. Dust levels were generally higher at the pig farm than at the grass seed plant. Teflon filters yielded slightly higher dust levels than glass-fiber filters did ( Table 2 ). The overall difference in measured dust levels (maximum/minimum ratio) within a sampling run was on average a factor of 5 and a factor of 3 and 6 for sampling runs at the pig farm and the grass seed plant, respectively (data not shown).
The uniformity in the samples collected by the parallel sampling was investigated further by calculating the CV% between the replicate samples within a sampling run. The overall CV%, reflecting the sampling and analytical error, of dust levels in 20 parallel samples ranged from 11 to 76 (Table 2 ) and showed a decline with increasing dust levels. This variability is most likely caused by measurement error.
Influences of transport conditions, storage conditions before and after extraction, extraction solution, and filter type. In Table 3 the effect estimates of all possible combinations of variables for the samples collected on glass-fiber filters (n ϭ 320) relative to the CEN protocol (desiccant, samples in freezer, extraction using PFW, extracts in freezer) are presented for both airborne endotoxin concentration (EU/m 3 ) and endotoxin concentration in dust (EU/mg dust). Fourteen of the 15 combinations of variables resulted in a higher exposure level than did the reference combination with ratios ranging from 1.2 to 2.5, although they were not all statistically significant. Combination 5 (desiccant, storage filter at Ϫ20°C, extraction in PFW with 0.05% Tween 20, and storage extracts at 4°C) resulted in the highest endotoxin concentration levels (for both EU/m 3 and EU/mg dust). Generally, the combinations containing extraction in PFW with the addition of Tween 20 to the solution resulted in significantly higher concentrations. The within-run variability for the endotoxin concentration (0.08) and endotoxin in dust concentration (0.23) was smaller than the between-run variability (0.24 and 0.88 for EU/m 3 and EU/mg dust, respectively). Because the estimates of endotoxin and endotoxin per mg dust were in agreement with each other, further analyses in this part of the data set focused only on airborne endotoxin concentrations. The total variability was higher in endotoxin concentrations in dust than airborne endotoxin concentrations, which is largely due to the measurement error that occurs in sampling dust.
In Fig. 3 the factors relative to the CEN reference are shown, for both Teflon and glass-fiber filters (whole data set). Extraction of Teflon filters with PFW resulted in lower endotoxin levels than when Tween 20 was included, similar to what was observed for glass-fiber filters. Next, the individual effects of the four investigated parameters were studied by applying them as fixed effects in a mixedeffects model for the glass-fiber filters, both overall and stratified for the kind of dust (Table 4) filters at 4°C seemed to slightly lower the endotoxin concentration. However, when the data were stratified for work environment, this effect was seen only in pig farm samples. No significant interactions between the parameters were found (data not shown).
In a subset of the data (n ϭ 160) with comparable combinations for glass-fiber and Teflon filters, the influence and interactions of filter type, storage of samples, and extraction solution were explored. The combination of variables most similar to the CEN protocol, apart from desiccant use during transport, was used as the reference category (combination 16). Of the seven possible combinations of parameters, three resulted in significantly lower airborne endotoxin concentrations and two in significantly lower endotoxin concentrations in dust relative to the reference category, of which most combinations were samples collected on Teflon filters (Table 5 ). For both glass fiber and Teflon filters, use of Tween 20 in the extraction solution resulted in the highest airborne endotoxin concentrations and endotoxin concentrations in dust. For Teflon filters, these levels approximated the reference values. The further statistical analysis of this subset focused on the airborne endotoxin concentrations, since the results for endotoxin concentrations and endotoxin concentrations in dust pointed in the same direction. Subsequently, the individual effect of the three parameters was investigated (Table 6 ). In the whole subset, sampling with Teflon filters and storage of samples in the refrigerator (4°C) resulted in significantly lower endotoxin concentrations, whereas extraction in PFW with addition of Tween 20 resulted in significantly higher endotoxin concentrations. After stratification for work environment, the direction of the effects of the parameters was mostly unchanged, although the positive effect of extraction in PFW with Tween 20 and the negative effect of sampling on Teflon filters on measured endotoxin concentrations were larger in pig farm samples than in grass seed plant samples. Storage conditions of samples before extraction did not affect endotoxin concentrations in the samples from the grass seed plant, although storage of samples at 4°C significantly lowered endotoxin concentrations in pig farm samples.
The additional effect of the use of Tween 20 in the assay was studied in a random subset of glass-fiber filters for which the extract was processed both with and without addition of Tween 20 in the assay (136 samples). The samples in this subset were sufficiently distributed over all sampling runs to be representative. Mixed-effects models with the individual effects of transport conditions, storage before extraction, extraction solution, and storage before analysis, and with the addition of the parameter assay solution, were formulated (Table 7 ). In the model without the parameter assay solution, only extraction in PFW with Tween 20 resulted in a significantly higher endotoxin concentration. The other parameters did not have a significant effect. Analyzing extracts when Tween 20 was added to the assay resulted in a 1.5-fold-higher endotoxin concentration. Addition of the parameter assay solution did not change the effects of the above-mentioned parameters. Adding Tween 20 to the assay solution likely affects only the measured endotoxin concentration and does not interfere with upstream parameters. Determinants of within-and between-run variability. Inclusion of either a fixed-effects variable representing the different treatments or a combination of fixed-effects variables for filter type, transport conditions, storage conditions of samples and extracts, extraction conditions, and assay solution explained much of the within-run variability and almost no between-run variability, as was expected. Adding the dust concentration to the different models had no or very little effect on both the within-and between-run variability, suggesting good uniformity of samples. Furthermore, estimates for the different parameters did not change after adding dust concentration to the models (data not shown).
DISCUSSION
In the field of endotoxin exposure assessment almost every institute has its own sampling and analysis protocol. Various filter types, extraction and assay solutions, transport conditions, and storage temperatures are used. In Europe, CEN has formulated guidelines for the assessment of airborne endotoxin to standardize exposure assessment. However, these guidelines leave room for individual interpretation and thus varying methodology. This study investigated the influence of various factors using an experimental design to cover all combinations of factors and their possible interactions. Of the five initial variables in our experiment (four primary parameters and filter type), extraction solution influenced the airborne endotoxin concentration the most. Addition of Tween 20 to PFW yielded significantly more endotoxin and thus resulted in an improvement of the extraction efficiency, which has been found before (5) . This may be caused by disruption of hydrophobic interactions between endotoxin and filter material or by disaggregating of endotoxin micelles or dissociation of cellwall-bound endotoxin (4, 5) . Transport conditions, in this case use of a desiccant or not, did not influence the measured endotoxin concentration, suggesting that further microbial growth did not occur during transport. Storage of extracts by different temperatures (Ϫ20 or 4°C) did not influence the estimated endotoxin concentration. Storage of filters in a freezer yielded about 10% higher estimated airborne endotoxin than did storage in a refrigerator. Freeze-thaw cycling of bacteria is known to lyse bacteria, and therefore more lipopolysaccharide (LPS) may be available in the assay after extraction (2, 36). There was no significant effect of storage temperature for the extracts, perhaps because these had been centrifuged and there were no bacterial cells to lyse. Sampling on glass-fiber filters results in a higher endotoxin concentration than does sampling on Teflon filters, as previously reported (5, 12, 15, 31, 35) . Interaction between filter type and assay methodology has been reported (35) , as well as inactivation of LPS in solution by a variety of filter media (20) . It is suggested that in the latter study the LPS was adsorbed to the surfaces of the filter material and thus not available to the Limulus amoebocyte lysate reagent and that the extraction procedure was not sufficient (30) .
In addition to the initial five factors under investigation, the influence of assay solution was also investigated in a subset of the data. Use of Tween 20 in the assay yielded a higher airborne endotoxin concentration than did the use of only PFW. This seemed to be an additive effect and did not depend on the extraction solution used (no interactions).
The type of dust sampled had a clear but small effect on the effect estimates of the different variables that were studied. The influence on extraction efficiency of adding Tween 20 to the extraction solution was higher in samples from the pig farm than in grass seed plant samples. Also, the "freezing" effect (higher endotoxin concentration when the sampled filters were stored in the freezer than when they were stored in a refrigerator) occurred only in the pig farm samples. Furthermore, the factor for sampling on glass-fiber filters compared to Teflon filters was higher for pig farm samples than for grass seed plant samples. Gordon et al. found that the endotoxin extraction efficiency of different filter types was dependent on the aerosol type (12) . Confirmation of these observations in other environments might be needed. However, the work environments included in this experiment are representative for different types of endotoxin exposure, namely, those originating from animal and from plant material. Since the estimates of the variables studied do not vary much for the different types of dust and the directions of the models remain approximately the same, these results are thought to represent the general underlying effects of the studied variables on the measured endotoxin concentration.
Several studies showed differences between laboratories when endotoxin samples were analyzed (3, 17, 28) . One of these showed that the generally high variations between laboratories were reduced by using a common extraction protocol and endotoxin assay kit, although differences remained (3). When further limitations were dictated, interlaboratory differences became even smaller (17) , suggesting that differences in endotoxin exposure estimation are caused mostly by procedural differences. Further standardization (training, use of identical equipment, tubes, etc.) may thus lead to comparable interlaboratory analysis of samples.
This experiment is a vigorous attempt to come to an optimized protocol for airborne endotoxin measurements in occupational settings, which may be expanded to other settings. The experiment was designed to look at key variables and their interactions established a priori as opposed to consideration of one or a few variables at a time, as was done in most previous studies (6, 11-15, 19-24, 31, 33, 35, 38) . Furthermore, some of these studies used commercial LPS (5, 15, 19, 20, 23) or house dust (5, 11, 13, 14, 24, 34) instead of rather homogeneous parallel occupational dust samples for (part of) their research, which reduces the applicability of their results for work environments. Nevertheless, to a large extent this full design appeared to confirm and extend earlier findings.
Several gaps in the CEN protocol (10) have been evaluated. With full knowledge of assay parameters that have an effect on the exposure estimate, one can clearly specify these in an agreed-upon international protocol. A fully standardized international protocol would support the establishment of an occupational exposure limit for endotoxin. Based on the outcomes of this experiment and earlier research, the following procedural steps are preferred: inhalable dust sampling on glass- (5, 23) , storage of extracts in multiple aliquots is strongly encouraged. The 25% decline in endotoxin activity in house dust extracts after one freeze-thaw cycle that has been found elsewhere did not occur in this experiment (5) . In this study all extracts were analyzed within 24 h after extraction, and thus no statements can be made about the influence of long-term storage. However, other studies have shown that long-term storage of extracts did not affect the endotoxin concentration (5, 11, 22) . One study found higher endotoxin concentrations in extracts stored at 4°C than in extracts stored at Ϫ20°C for up to 20 to 30 days and in samples stored at 4°C with immediate extraction after sampling than in samples stored without extraction (15) . This was possibly due to the growth of gram-negative bacteria during storage. Douwes et al. previously showed that the endotoxin extraction efficiency of PFW with 0.05% Tween 20 was seven times higher than that of only PFW and that 0.05% Tween 20 in the assay solution did not influence the slope of the standard curve (5). We also saw an increased extraction efficiency from the addition of Tween 20, although the effect was lower. Wouters et al. found that addition of 0.05% Tween 20 to the assay mixture suppressed the assay reactivity but did not alter the slope of the standard curve (I. M. Wouters, S. Spaan, D. Heederik, and G. Doekes, data presented at the International Conference of the American Thoracic Society, 2007). The assay reactivity was affected to a larger extent for the standard curve than for the samples for at least some of the dust types (Wouters et al., American Thoracic Society), which might explain the smaller effect of the addition of Tween 20 during extraction in the current study. Therefore, it is concluded that Tween 20 enhances the extraction efficiency but should not be used during analysis because of possible interference with the assay.
This study investigated the effect of procedural changes on the endotoxin concentration in a full design including the interactions. The distributions of treatments over the samples did not introduce bias nor influence the outcome, since the 20 different combinations of treatments were randomly assigned to the 20 places in the parallel samplers and, thus, to the 20 filters available per run, using a randomizing feature in SAS software. Furthermore, the dust measurements were performed with parallel samplers to obtain a reasonably homogeneous set of samples per sampling run. Two parallel samplers were used within one sampling run in order to obtain enough samples for the design of our experiment. The results did not change when the influence of the sampling devices was investigated, suggesting that the samples were uniform.
Contrary to expectations, not all sampling runs yielded high dust concentrations. At low dust concentrations the precision of the method for dust measurement is lower. This is shown by a decline in the coefficient of variation, representing the sampling and analytical error, with increasing dust levels. However, the within-run variability was almost completely explained by the variables that we investigated, and the measured dust concentration had little effect on the within-run variability. We concluded that parallel sampling is a suitable method for collecting homogeneous samples in a manner that is comparable with personal dust sampling.
Conclusion. This study with a rigorous experimental design has investigated a large part of the gaps present in the CEN protocol for endotoxin exposure assessment and thus moved us forward toward establishing a standardized protocol for the measurement of endotoxin exposure in the work environment. Based on this study we advise that a new protocol should prescribe use of glass-fiber filters, transport with desiccation, frozen sample storage, extraction in PFW with 0.05% Tween 20 with rocking/shaking, frozen storage of extracts, and analysis in PWF.
